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In this work we investigate the use of coiled-coil silk proteins, produced in recombinant Escherichia coli,
as a new material for immobilizing biosensors. Myoglobin was embedded in transparent honeybee silk
protein ﬁlms. Immobilized myoglobin maintained a high afﬁnity for nitric oxide (KD NO¼52 mM) and
good sensitivity with a limit of detection of 5 mM. The immobilized myoglobin–silk protein ﬁlm was
stable and could be stored as a dry ﬁlm at room temperature for at least 60 days. The effect of
immobilization on the structure of myoglobin was fully investigated using UV/visible, Fourier Transform
Infrared and Raman spectroscopy, which indicated a weakening in the strength of the iron–histidine
bond. This study demonstrates that recombinant coiled-coil silk proteins provide a safe and envir-
onmentally friendly alternative to sol–gels for stabilizing heme proteins for use as optical biosensors.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Nitric oxide (NO) sensors are required for many applications
ranging from monitoring industrial pollutants (Denman et al.,
2007; Sigrist, 1994) to biomedical areas (Griveau and Bedioui,
2013; Nagano and Yoshimura, 2002). The use of NO, as a biomar-
ker, for diagnosis and early prediction of asthma attacks, has
attracted recent interest (Gelb et al., 2012). Typically, NO levels
in exhaled breath increase from less than 5 ppbv (parts per billion
by volume) to 20–80 ppbv with airway inﬂammation (Dweik and
Boggs, 2011; Yates, 2001). While there are a number of commer-
cially available NO breath sensors based on chemiluminescence,
there is a need for a cheap, portable method to allow for early
prediction of allergenic asthma attacks (Shorter et al., 2011).
Heme proteins such as soluble guanylate cyclase (sGC) selec-
tively bind low concentrations of nitric oxide (NO) and not oxygen
(Derbyshire and Marletta, 2012), making them attractive NO
biosensors. One factor that has limited the wide spread use of
heme proteins in biosensors is the problems encountered when
the heme proteins are immobilized (Borisov and Wolfbeis, 2008).
Immobilization is often required to produce stable and reusable
biosensors that can be reproducibly fabricated (Kuswandi et al.,B.V. This is an open access article u
: þ61 2 6246 4173.
n).2001; Sassolas et al., 2012). When choosing a method of immobi-
lization it is important that the bioactive component is not
denatured by the process and maintains its primary function.
Furthermore, when fabricating optical biosensors it is important
that the immobilization method employed does not interfere with
the optical properties of the biological recognition molecule
(Borisov and Wolfbeis, 2008). To this end, silica based sol–gels
have been a popular material for immobilization of optical
biosensors and a diverse array of sol–gel derived materials
have been developed (Monton et al., 2012). A drawback of using
sol–gels is that many of the starting silicate materials such as
tetramethyoxysilane (TMOS), are extremely toxic (NIH, Toxicology
Data Network).
Entrapment in sol–gels (Aylott et al., 1997; Blyth et al., 1999,
1995) and covalent attachment to the surface of gold colloids
(Barker et al., 1999, 1998) have been used to immobilized heme
proteins. Using both approaches, NO binding could be measured
but immobilization in sol–gels greatly impaired the reversibility of
the heme sensor (Blyth et al., 1999). Using colloidal gold, the
reversibility was markedly improved, however, the immobilized
heme proteins were very susceptible to bacterial degradation and
hence were required to be used within one week of production
(Barker et al., 1998).
Silk proteins can be cast into transparent ﬁlms allowing them
to be used for immobilizing optical biosensors, as the ﬁlms do notnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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material (Omenetto and Kaplan, 2008). When lysed red blood cells
were immobilized in a protein ﬁlm generated from silkworm silk,
oxygen binding could be detected by following spectroscopic
changes of the entrapped hemoglobin. Oxygen binding was
reversible when the solutions above the ﬁlms were purged with
nitrogen gas (Domachuk et al., 2009). To prepare these silk ﬁlms,
the silk protein was solubilized by boiling the silk cocoons and
dissolved 9.3 M LiBr (Jin et al., 2002). The resulting protein
solution was then dried to form a ﬁlm and stabilized using
methanol, which makes the ﬁlm water insoluble (Omenetto and
Kaplan, 2008).
In contrast to the beta sheet molecular structure found in the
silk of silkworms and spiders, honeybee silk has a predominantly
coiled-coil structure (Sutherland et al., 2010). Given their small
size and non-repetitive structure, honeybee silk genes can be
expressed in standard bacterial systems to produce high levels of
the recombinant protein, which allows large quantities of soluble
protein (2 g silk/l of bacterial culture) to be readily produced
(Weisman et al., 2010). Transparent honeybee silk protein ﬁlms
can be easily prepared by drying solutions of the puriﬁed silk
proteins followed by stabilization with 70% methanol. The ﬁlms
are ﬂexible, their thickness can be controlled and they are
biodegradable (Wittmer et al., 2011).
To demonstrate the use of coiled coil honeybee silk as a
material for immobilization we tested the entrapment of puriﬁed
myoglobin in a silk protein ﬁlm. The immobilized myoglobin was
used as a recognition element in a biosensor to detect NO.2. Material and methods
2.1. Materials
Recombinant honeybee silk proteins were produced by fer-
mentation in Escherichia coli and freeze dried into the form of
water soluble sponges as described previously (Huson et al., 2012;
Weisman et al., 2010). Freeze dried protein was stored at room
temperature until required. All chemicals used were purchased
from Sigma-Aldrich. UV/visible absorption measurements were
carried out on a SpectraMax M2 plate reader (Molecular Devices,
USA) or a ﬁber optic spectrometer with a Mini 2 light source
(Ocean Optics, USA). Anaerobic work was performed in an anae-
robic workstation (Don Whiteley Scientiﬁc, UK).2.2. Film preparation
Two methods of ﬁlm preparation were attempted. In the ﬁrst
method, silk ﬁlms were prepared from aqueous protein solutions
by mixing myoglobin in MilliQ water (1 mg/mL) with approxi-
mately 1 mg/mL solution of honeybee silk in various ratios ranging
from 1:1 to 1:10 to give a total volume of 200 mL. In the second
method, silk ﬁlms from hexaﬂuoroisopropanol (HFIP) solutions
were prepared by dissolving 2 mg myoglobin with 20 mg freeze
dried honeybee silk protein in 1 mL of HFIP overnight at room
temperature. A drop of the myoglobin–silk solution was placed
onto either the wall of a cuvette laid on its side or the ﬂoor of a 24-
well plate and the solution was dried to form a ﬁlm. The dried ﬁlm
was soaked overnight in 70% methanol to induce formation of
β-sheet structure and make the ﬁlm insoluble in water (Sutherland
et al., 2011).2.3. Testing redox and NO binding properties of myoglobin
immobilized in a silk ﬁlm
Freshly prepared sodium dithionite (100 mM) and sodium
persulfate (100 mM) in 50 mM phosphate buffer (pH 7.4) were
used as reducing and oxidizing agents, respectively. The reductant
and oxidant solutions (100 mL) were added to the myoglobin–
silk ﬁlm covered with 1 mL of 50 mM phosphate buffer (pH 7.4).
Diethylamine 2-nitrosohydrazine sodium hydrate (NONOate) was
dissolved in 50 mM phosphate (pH 7) to generate 1.5 mol equiva-
lent of dissolved NO. Aliquots of the diethylamine NONOate
solution were added to a dithionite reduced ﬁlm. Changes in the
UV/visible spectrum were monitored to determine redox states
and measure NO binding.
KD of NO binding (Eqs. ((1a) and (1b)) was determined from the
following relation between the observed absorbance ANO intensity
(Eq. (2)):
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where [NO] is the concentration of free NO, A0 and A∞ are the
absorbance of the NO free and NO bound Mb respectively.
The limit of detection was determined from 3sX of the
y-intercept from the concentration dependence.
Detection of NO in gaseous samples was carried out by
reducing a myoglobin–silk ﬁlm, prepared on the side of an
anerobic UV/vis cuvette, by adding 100 mL of 100 mM dithionite
to a 50 mM phosphate buffer solution covering the ﬁlm. The
dithionite solution was removed from the cuvette using a gas
tight syringe under the positive pressure of argon gas. 2 l of 5 ppm
NO in N2 was passed over the ﬁlm as demonstrated in the
experimental setup shown in the supplementary information
(Fig. S1). The UV/vis spectra were recorded before and after the
addition of NO gas.
2.4. Vibrational spectroscopy
Infrared Attenuated Total Reﬂectance (ATR) spectra were
obtained from the ﬁlms containing entrapped myoglobin using a
Perkin-Elmer System 2000 Fourier transform spectrometer (UK)
equipped with narrow band Mercury Cadmium Telluride detector
and a Pike (USA) MIRacle ATR accessory ﬁtted with a single bounce
ZnSe internal reﬂectance element. Spectra were collected using
Spectrum software (version 5.3.1) and represent the average of
128 scans collected at a resolution of 4 cm1.
Raman spectra were obtained using an inVia confocal micro-
scope system (Renishaw, Gloucestershire, UK) with 457 nm excita-
tion from a Modu-Laser (USA) Stellar-Pro ML/150 Ar ion laser
through a 50 (0.75 na) objective. Incident laser power, as
measured using a Ophir (Israel) Nova power meter ﬁtted with a
PD300-3W head, was 0.59 mW for the silk ﬁlms and 0.32 mW for
the myoglobin powder. Films were held on a mirrored backing
while the powder was compressed into a 2 mm cavity cell. A
coaxial backscatter geometry was employed. Spectra were col-
lected over the range of 100 to 3200 cm1 and averaged over at
least 20 scans, each with an accumulation time of 20 s. The Raman
shifts were calibrated using the 520 cm1 line of a silicon wafer.
The spectral resolution was 1 cm1.
All data manipulation was carried out using Grams AI software
V 9.1 (Thermo Scientiﬁc, USA).
Table 1
The UV/vis spectra obtained for myoglobin (Mb) in solution and immobilized in a
honeybee silk ﬁlm and soluble guanylate cyclase.
In solutiona In silk ﬁlmb
Soret peak β-band α-band Soret peak β-band α-band
MbFe3þ 409 nm 502 nmc 408 nm 530 nmc
MbFe2þ 435 nm 560 nmc 419 nm 524 nm 555 nm
MbFe2þ–O2 415 nm 542 nm 580 nm – – –
Mb Fe2þ–NO 417 nm 543 nm 575 nm 398 nm 546 nmc
MbFe2þ–NO
(pH 4)
387 nmd n.r.
sGCFe2þ–
NOe
398 nmf 537 nmf 572 nmf
n.r. – not reported.
a Antonini and Brunori (1971).
b This work.
c No splitting of α and β bands.
d Duprat et al. (1995).
e Soluble guanylate cyclase.
f Stone and Marletta (1994).
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3.1. Film preparation
Initially, myoglobin–silk ﬁlms were prepared by drying either
aqueous or HFIP solutions of recombinant honeybee silk proteins
with added myoglobin. Films from aqueous solutions required up
to 48 h to dry, whereas silk ﬁlms from HFIP solutions appeared dry
within minutes but were kept in a fumehood for 1 h to ensure
complete evaporation of the toxic HFIP. The UV/Vis absorption
spectra of both types of dried ﬁlms were similar and showed a
Soret peak at 408 nm. Uneven distribution of myoglobin in the
dilute aqueous ﬁlms was attributed to the “coffee-ring effect”
(Han and Lin, 2012) whereby the myoglobin was pushed to the
edge of the ﬁlm (Supplementary Fig. 2A and B). For convenience,
further study was conducted primarily on ﬁlms generated from
HFIP solutions which have evenly distributed myoglobin
(Supplementary Fig. 2C and D). Films were prepared from 10 mg
silk/mL HFIP with a 5:1 mole ratio of silk:myoglobin. After
stabilization in 70% methanol treatment, no decrease was noted
in the absorption intensity of the Soret peak indicating that the
myoglobin was retained in the ﬁlms (Supplementary Fig. 3A).
Films of various thicknesses were prepared. The average thickness
was 6 mm (Supplementary Fig. 4).
It has been reported that methanol in basic solution (ZpH 11)
can induce a conformational change in myoglobin resulting in the
dissociation of the heme cofactor (Dan et al., 2009). Heme
dissociation will broaden and shift the Soret peak towards a
wavelength below 400 nm. The unchanged Soret peak at 408 nm
indicates that no dissociation of the heme group has occurred
during aqueous methanol treatment.
In order to determine whether the incorporation of myoglobin
into the silk ﬁlm had disrupted the secondary structure of the silk
ﬁlm, Fourier Transform Infrared (FTIR) spectroscopy was used.
There are a number of different techniques which could be used
such as circular dichroism (Fasman et al., 1970) and solid phase
NMR (Sutherland et al., 2014) to determine the secondary struc-
ture of silk ﬁlms. FTIR has, however, been widely used to
characterize silk ﬁlms from many different insect species and is
therefore ideal for our purposes (Sutherland et al., 2014). The FTIR
spectra of honeybee silk–myoglobin ﬁlms (Supplementary Fig. 3B,
Trace I) were compared to equivalent ﬁlms without myoglobin
(Supplementary Fig. 3B, Trace II). No signiﬁcant differences were
seen, suggesting that the incorporation of myoglobin into the silk
ﬁlm had not disrupted the structure of the silk ﬁlm. In both ﬁlm
types the 1625 and 1239 cm1 bands, assigned to β-sheet struc-
ture, were slightly more intense than the 1645 and 1307 cm1
coiled coil bands (Byler and Susi, 1986; Singh et al., 1993).Fig. 1. (A) Absorption spectra of myoglobin immobilized in a honeybee silk before and af
NO generated by diethylamine NONOate and spectral changes when ﬁlm was soaked inThe slight dominance of β-sheet structure signal following metha-
nol treatment was in agreement with previous ﬁndings (Weisman
et al., 2010).
3.2. Oxidation and reduction of the ﬁlms
When myoglobin–silk ﬁlms, prepared from both aqueous and
HFIP solutions, were reduced with 10 mM dithionite, the Soret
peak at 408 nm shifted to 417 nm and αβ bands split into two
peaks at 524 and 555 nm (Fig. 1A and Table 1). The reduced
spectrum obtained was typical of an oxymyoglobin form with O2
bound to the Fe2þ of myoglobin (Fig. 1C and Table 1). In order to
test if oxygen bound myoglobin iron2þ (Mb–Fe2þ–O2) form was
being generated, reductions were then carried out under strict
anaerobic conditions. Under all the conditions tested (both
aerobic and anaerobic), the same reduced spectrum was obtained
(Table 1).
With exposure to oxygen, removal of the dithionite solution or
addition of sodium persulfate, an absorption maximum at 408 nm
was observed. The return of the Soret peak to 408 nm indicates
that the immobilized myoglobin had been reoxidized to myoglo-
bin–iron3þ (Mb–Fe3þ).
3.3. NO binding
When NO, generated from a diethylamine NONOate solution,
was added to a dithionite-reduced myoglobin–silk ﬁlm, the Soretter reduction with dithionite. (B) Absorption spectra showing the effect of dissolved
water overnight. (C) The absorption spectra of myoglobin in solution (pH 7.4).
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the αβ bands (Fig. 1B). The Soret peak of the NO complex formed in
the silk ﬁlm was signiﬁcantly blue-shifted compared to the
solution values (Table 1).
The 398 nm Soret peak persisted following the removal of the
NONOate solution. The Soret peak shifted back to 408 nm if the
ﬁlm was left either dry or in water for a few hours (Fig. 1B); this
process occurred faster when the ﬁlms were stored in water rather
than as dry ﬁlms.
The blue-shifted Soret peak (398 nm) is similar to that
observed in heme proteins, such as sGC (Derbyshire and
Marletta, 2012) and myoglobin, at low pH (Duprat et al., 1995)
when NO is added (Table 1). The UV/vis spectral changes result
from the dissociation of the axial histidine (His) ligand (Schelvis
et al., 2000). On the basis of the changes in the UV/vis spectrum
we propose that, with NO binding, the axial His dissociates leading
to the formation of a 5 coordinate heme-NO complex rather than
the 6 coordinate heme-NO complex observed for myoglobin in
solution (Scheme 1).
To determine the NO dissociation constant (KD) of the myoglo-
bin–silk ﬁlm, ratio change in absorbance at 420 nm were followed
by titrating a NONOate solution into a dithionite reduced myoglo-
bin–silk ﬁlm. Anaerobic conditions were obtained by ﬂushing a
sealed 24 well plate with argon gas (Fig. 2A and B). KD for NO
binding was 5278 mM, with a limit of detection (LOD) for NO of
5 mM. The binding relationship was linear from 0 to 50 mM of free
NO added. The KD determinations were carried out using four
ﬁlms, each of different thicknesses. There was little difference in
the KD values between the ﬁlms (RSD¼15%), presumably because
NO can readily diffuse through the ﬁlms.Scheme 1. The proposed mechanism of reduction, auto-oxidation and NO binding for m
by reductionwith dithionite C – 5 coordinate Mb2þ-NO complex formed by the dissociati
O2 which is rapidly auto-oxidized to Mb3þ .To demonstrate that NO could also be detected in gaseous
samples using the myoglobin–silk ﬁlms, as well as from dissolved
NO, generated from NONOate solutions, spectral changes were
monitored when 5 ppm NO was passed through an anaerobic
cuvette. A clear shift in the Soret peak from 417 nm to 398 nmwas
observed, demonstrating that gaseous NO binds to the immobi-
lized myoglobin.
3.4. Stability
The stability of the myoglobin within the silk ﬁlms is remark-
able. Once the 408 nm Soret peak had recovered following the
addition of NO, the addition of dithionite followed by NO addition
could be repeated. The ﬁlms could also be stored as dry ﬁlms at
room temperature for at least 60 days with less than 10% loss of
absorption at 420 nm or NO binding ability (Supplementary Fig. 4).
3.5. Resonance Raman spectroscopy
The low wavenumber resonance Raman spectra obtained from
myoglobin (Trace I), myoglobin doped honeybee silk protein ﬁlm
(Trace II) and untreated honeybee silk ﬁlm (Trace III) are shown in
Fig. 3A. The spectrum of the myoglobin (Trace I) exhibits a weak
but well deﬁned peak at 217 cm1, which can be assigned to the ν
(Fe–His) vibration (Schelvis et al., 2000). This feature is not
apparent in the spectrum obtained from myoglobin doped ﬁlm.
Instead, weaker features at 221 and 207 cm1 (conﬁrmed by 2nd
derivative analysis) are observed (Fig. 3A).
Fe-N stretching frequencies below 210 cm1 have been to
5 coordinate NO complexes while 6 coordinate NO complexesyoglobin immobilized in a honeybee silk ﬁlm. A – Mb3þ B – low spin Mb2þ formed
on of the axial His ligand. D – short-lived Mb2þ-O2 species formed with exposure to
Fig. 2. (A) NO calibration curve for myoglobin immobilized in a honeybee silk ﬁlm. NO was generated using the in situ release of NO from diethylamine NONOate. NONOate
solution was titrated into a solution covering the reduced myoglobin–honeybee silk protein ﬁlm. Error bars represent the standard deviation for each concentration, RSD for
K̄D NO¼15%. (B) Changes in the UV/vis spectrum during a typical NONOate titration. (C) The spectral changes when gaseous 5 ppm NO in N2 is passed over a reduced
myoglobin–silk ﬁlm.
Fig. 3. (A) Low wavenumber resonance Raman spectra obtained from: Trace I – myoglobin, Trace II – myoglobin doped honeybee silk protein ﬁlm and Trace III – untreated
honeybee silk ﬁlm. (B) Transparent surface representation of heme cavity in myoglobin (ﬁgure prepared from PDB ﬁle 2VIK). (C) Hydrogen bonding from Ser92 to the axial
His heme ligand.
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240 cm1 (Martí et al., 2005). When myoglobin was immobilized
in honeybee silk ﬁlms, the lower ν(Fe–His) frequency is consistent
with a weaker Fe–His bond (Schelvis et al., 2000).4. Discussion
4.1. Encapsulated myoglobin as an effective biosensor
The results described in this study show that myoglobin
immobilized in a ﬁlm of recombinant honeybee silk is a promising
avenue for the development of heme protein based biosensors.
The immobilized protein maintains a high afﬁnity for NO (KD
NO¼52 mM), similar to the KD of 30 mM measured for NO binding
to myoglobin in solution (Rapson et al., 2014). The afﬁnity for NO is
not reduced by immobilization and hence indicates that NO is able
to diffuse freely through the silk protein ﬁlm. In this work we
measured responses to dissolved NO and obtained a detection
limit of 5 mM (150 ppbv). The LOD reported here approaches the
value of 1 mM reported for soluble guanylate cyclase (sGC) immo-
bilized on gold nanobeads (Barker et al., 1999). Table 2 shows a
comparison the LOD reported for other heme based NO sensors.
LOD values have not been reported for myoglobin immobilized in
sol–gel ﬁlms, the comparison being an LOD of 10 mM for NO
binding to immobilized cytochrome c′ (Blyth et al., 1999).Our KD determinations were carried out at the physiologically
relevant pH of 7.4. Nitric oxide afﬁnity of heme proteins such as
myoglobin and hemoglobin is affected by variation in pH and
temperature, determined principally by changes in the rate of NO
dissociation. The rate of NO dissociation follows a simple titration
curve with an apparent pK′ of 6.7 with higher rates of dissociation
at acidic pH. The temperature dependence of the dissociation rate
follows a temperature coefﬁcient (Q10) of 5.3 at pH 6.8 (Antonini
and Brunori, 1971). Given that solvent access to the silk ﬁlm is not
inhibited, we would not expect the pH and temperature depen-
dence of myoglobin to change appreciably with immobilization.
Myoglobin immobilized in honeybee silk ﬁlms showed remark-
able stability, considerably improved over the stability of heme
protein attached to gold colloids. The ﬁlms can be stored dry at
room temperature for months. This property would be extremely
useful for monitoring NO levels from gaseous samples such as
exhaled breath. To develop this work further we need to be able to
measure NO from gaseous samples. Given that the myoglobin–silk
ﬁlms are stable as dry ﬁlms this suggests that measuring gaseous
samples could be possible. We have demonstrated that NO from a
gaseous sample can be detected using the myoglobin–silk ﬁlms
developed in this work (Fig. 2C). To the best of our knowledge, this
is the ﬁrst time that a heme protein sensor has been used to
directly detect gaseous NO rather than dissolved NO.
Given that myoglobin can be stabilized in the silk ﬁlms, the
sensitivity of this sensor could be further improved by using
ﬂuorescent rather than absorption based transduction (Rapson
Table 2
Comparison between reported heme based optical biosensors for nitric oxide.
Immobilization medium Heme receptor Transduction method Limit of detection Reference
In solution Cytochrome c peroxidase Biomolecular gating n.d. (Strianese et al., 2011)
In solution Myoglobin Biomolecular gating 1 mM (Rapson et al., 2014)
In solution Tt H-NOXa Absorbance 0.3 mM (Boon and Marletta, 2006)
Sol–gel Myoglobin Absorbance n.d. (Blyth et al., 1995)
Sol–gel Cytochrome c peroxidase FRETb n.d. (Kd ¼10 mM) (Strianese et al., 2010)
Sol–gel Cytochrome c′ Absorbance 10 mM (Blyth et al., 1999)
Colloidal gold Cytochrome c′ FRETb 20 mM (Barker et al., 1998)
Colloidal gold Soluble guanylate cyclase FRETb 1 mM (Barker et al., 1999)
Silk protein ﬁlm Myoglobin Absorbance 5 mM This work
n.d. – not determined.
a Thermoanaerobacter tengcongensis Heme Nitric Oxide Binding Protein.
b Förster resonance energy transfer.
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with the addition of NO to the reduced myoglobin–silk ﬁlm would
be compatible with a biomolecular gated ﬂuorescence transduc-
tion system. In biomolecular gating, the absorbance change with
gas binding is converted into a ﬂuorescent signal using the heme
protein as a ﬁlter to modulate light exciting a ﬂuorescent protein
(Rapson et al., 2014; Strianese et al., 2011). A double silk protein
ﬁlm could be prepared whereby the base layer contains the
ﬂuorescent protein, which is covered by a layer containing the
heme protein NO receptor.
A potential area of further improvement is the selectivity of the
sensor. Native myoglobin binds both oxygen and carbon monoxide
in addition to nitric oxide (Antonini and Brunori, 1971). Immobi-
lizing myoglobin in silk ﬁlms will not lead to an improvement in
selectivity as these diatomic gases can freely diffuse through the
ﬁlms. One approach to improve the selectivity of heme protein
biosensors maybe to employ a cobalt substitution, which has been
shown to decrease the afﬁnity of the protein for both oxygen and
carbon monoxide (Rapson et al., 2014).
4.2. Comparison between the spectra of immobilized myoglobin
and myoglobin in solution
The UV/Vis spectral properties of immobilized myoglobin differ
in several ways compared to those observed with myoglobin in
solution. The ﬁrst point of difference is the position of the Soret
peak and splitting of the α/β bands when reduced (Table 1). Similar
blue-shifts of the reduced spectrum were noted when cytochrome
c′ was immobilized in a sol–gel matrix (Blyth et al., 1999). The
authors proposed that immobilization transforms the heme envir-
onment, leading to a high spin ﬁve-coordinate heme rather than a
low spin six-coordinate heme (Blyth et al., 1999). The pronounced
splitting of the α/β bands indicates that a high spin reduced heme
is formed when myoglobin is immobilized in the silk ﬁlm. This
change in spin state is mostly likely a result of the silk protein
forming hydrogen bonds to the exposed propionate groups of the
porphyrin ring (Fig. 3B), thereby changing the electronic proper-
ties of the heme iron.
The second difference between immobilized myoglobin and
that in solution is the rapid auto-oxidation to Mb–Fe3þ of the
immobilized protein with exposure to oxygen. The protonation
state of amino acid residues (Yang and Phillips, 1996) and the
charge within the heme cavity (Postnikova and Shekhovtsova,
2013) have been shown to play an important role in controlling
the rate of auto-oxidation.
The heme cavity of myoglobin is on the surface of the protein
and both the propionate groups of the porphyrin ring and a
number of other key heme cavity residues such as His64 and
His93 are exposed to the solvent (Fig. 3B). Honeybee silk protein isrich in charged residues such as lysine (7.9%) and glutamic acid
(8.1%) which could alter the charge and protonation states of some
of these solvent exposed residues. Our results suggest that with
exposure to oxygen, the Mb–Fe2þ forms Mb–Fe2þ–O2 which is
short-lived as the bound oxygen is rapidly protonated leading to
the formation of Mb–Fe3þ (Scheme 1).
The third point of difference between the properties of myo-
globin in solution and immobilized in the silk ﬁlm is the spectral
changes that occur with NO binding. The UV/vis spectral changes
are consistent with the dissociation of the axial His upon NO
binding (Schelvis et al., 2000). The dissociation of the His ligand
alters the electronic properties of the heme iron due to a change in
ligand ﬁeld splitting, changing the state from high spin to low spin
as indicated by the loss of splitting in the α/β bands with the
addition of NO.
NO binding exerts a large repulsive effect to the His ligand
(Martí et al., 2003). If the heme protein has a weakened Fe–His
bond, then dissociation of the His ligand will occur with NO
binding (Decatur et al., 1996; Martí et al., 2005, 2003). The Fe–His
bond strength depends on the ability of the His ligand to donate
charge to the heme Fe2þ ion and is modulated by hydrogen
bonding to the histidine (Martí et al., 2003).
In myoglobin, a serine residue (Ser92) is hydrogen bonded to
Nδ of His93 (Fig. 3C), increasing the strength of the Fe–His bond in
native myoglobin (Martí et al., 2003). If Ser92 were to form a
hydrogen bond to a residue other than His93, then the Fe–His
bond would be weakened. The tertiary structure of silk proteins is
maintained by a network of hydrogen bonds (Sutherland et al.,
2012). It is quite likely that the surface exposed Ser92 could form
hydrogen bonds with residues from the silk protein rather than
with His93, with immobilization leading to weakening of Fe–His
bond. This hypothesis was conﬁrmed by the ν(Fe–His) vibration
shift from 217 cm1 to 207 cm1 (Fig. 3A).
4.3. Using honeybee silk protein ﬁlms for immobilization in
optical biosensors
Honeybee silk provides a number of advantages compared to
other silks and other materials such as sol–gels. The ability to
produce biosynthetic silk through bacterial fermentation provides
a signiﬁcant advantage over traditional silk in terms of cost and
ease of ﬁlm preparation. Films can be simply prepared through
drying protein solutions and treating them with 70% methanol. In
this work HFIP was used as the protein solvent however aqueous
preparations can also be used. At present aqueous preparations are
limited by the concentration of silk protein that is soluble. We are
presently seeking to improve this. The low cost of production could
make myoglobin–silk NO sensors suitable for single use applications
which would overcome the need for rapid reversibility.
T.D. Rapson et al. / Biosensors and Bioelectronics 62 (2014) 214–220220Finally, honeybee silk ﬁlms are environmentally friendly and
biodegradable. This is in contrast to sol–gels which use extremely
toxic silicates for their production posing an occupational expo-
sure risk.5. Conclusions
We have demonstrated that immobilizing myoglobin in hon-
eybee silk protein ﬁlms provides a sensitive and highly stable NO
sensor. Although the structure of the surface exposed heme cavity
of myoglobin was altered through immobilization in a silk protein
ﬁlm, myoglobin–silk ﬁlms were found to maintain a high afﬁnity
for NO. Improved sensitivity could be obtained using alternative
heme proteins or using a ﬂuorescent detection system. The optical
transparency of the silk ﬁlms and ease of production of recombi-
nant honeybee silk makes it an attractive, safe and environmen-
tally friendly material for immobilization of optical biosensors.Acknowledgments
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